Oxygen migration in silicon corresponds to an apparently simple jump between neighboring bridge sites. Yet, extensive theoretical calculations have so far produced conflicting results and have failed to provide a satisfactory account of the observed 2.5 eV activation energy. We report a comprehensive set of first-principles calculations that demonstrate that the seemingly simple oxygen jump is actually a complex process involving coupled barriers and can be properly described quantitatively in terms of an energy hypersurface with a "saddle ridge" and an activation energy of ∼ 2.5 eV. Earlier calculations correspond to different points or lines on this hypersurface.
Oxygen in silicon has long been known to occupy a bridge position between neighboring Si atoms, with an Si-O-Si configuration similar to those in SiO 2 .
1,2 Its diffusion, measured to have an activation energy of 2.5 eV, 3 is generally believed to consist of simple jumps between neighboring bridge positions on the (110) plane defined by the corresponding Si-Si bonds ( Fig. 1) . In terms of the angle θ O defined in Fig. 1 , the midpoint of the jump is at
Most calculations to date 4-8 assumed such a simple adiabatic jump, with reflection symmetry about the vertical axis shown in Fig. 1 . Thus, the saddle point was assumed to have the O atom at θ O = 90
• and the central Si atom at θ Si = 90
• . The remaining degrees of freedom and the positions of the other Si atoms were determined by total-energy minimization. The resulting total energy, measured from the energy of the equilibrium configuration, represents the adiabatic activation energy for diffusion. Some authors 4,5 reported activation energies around 2.5 eV, while others [6] [7] [8] reported smaller values ranging from 1.2 to 2.0 eV.
In Ref. 8 , Needels et al. found a value of 1.8 eV and attributed the discrepancy with experiment to dynamical phenomena, i.e., the neighboring Si atoms do not relax fully along the O trajectory. They reported model dynamical calculations for a "generic" non-adiabatic path in which the O atom was given an initial "kick", i.e., an initial velocity corresponding to a kinetic energy of 2.0, 2.3 or 2.7 eV. They found that when the the kick energy was < 2.5 eV, the O atom went past the saddle-point but then returned to the original bridge position. When the kick was > 2.5 eV the O atom migrated to the next bridge site. They concluded that their results suggested that dynamical effects are important in O migration, but did not constitute definitive evidence.
In a recent paper, Jiang and Brown 9 (JB) sought to resolve the issue by exploring the entire migration path. They performed total-energy minimizations by stepping the oxygen atom from one bridge site to the next. They found that the total energy attains a value of only ∼ 1.2 eV at θ O = 90
• , but then keeps rising to a maximum value (saddle point) of ∼ 2.5 eV at θ O = 113
• . In addition, they computed the diffusion constant and found it to agree very well with experiment over 12 decades. In this paper, we report a series of first-principles total-energy calculations which show that the process of O migration is far more complex than has been recognized so far, but is still adiabatic. During the migration process, both the O atom and the central Si atom perform jumps and face large barriers. As a result, a quantitative description of the process requires a calculation of the total-energy hypersurface as a function of the positions of both atoms. We will show slices of this hypersurface that reveal a "saddle ridge" in multidimensional space. The migration process is adiabatic and occurs along a multiplicity of paths over this ridge with a predominant barrier of ∼ 2.5 eV. Finally, we find that the results of earlier authors correspond to different points or lines on the hypersurface.
We performed calculations using density functional theory and the local-density approximation for exchange and correlation, using the form for the exchange-correlation potential given by Ceperley and Alder. 10 The ultra-soft pseudopotentials of Vanderbilt 11 were used for Si and O. These pseudopotentials have been thoroughly tested in several extensive investigations. [12] [13] [14] The calculations employed a plane wave basis set and converged results were obtained with an energy cutoff of 25 Ry. A bcc supercell with 32 Si atoms 3 and one O atom was used. Each structure was relaxed until the force on each atom was less than 0.5eV/Å. All calculations were first done with one special k-point at (0.5, 0.5, 0.5) in the irreducible Brillouin zone. 15 The key calculations were repeated with 2 k-points at (0.75, 0.25, 0.25) and (0.25, 0.25, 0.25). 15 The energy differences changed at most by about 0.2 eV, with all the qualitative results obtained with one k-point being unchanged. Hence, the results with one k-point were taken to be converged with respect to k-point sampling,
and used in all the figures in this paper.
Our results for the equilibrium configuration of O, shown schematically in Fig. 1 and the Si-O-Si bond angle is ∼ 150
• . The angle θ Si is also ∼ 150
• . For our purposes here, the key point is that the central Si atom is well to the right of the vertical symmetry axis (see Fig. 1 ). As the O migrates from the left bridge position to the one on the right, the central Si needs to move from the right to the left, specifically from θ Si ∼ 150
We will see below that this swing of the central Si atom controls the dynamics of the oxygen migration because the Si atom has to overcome a barrier.
We demonstrate this key result in Fig. 2 where we plot the total energy of the system as a function of θ Si when the O atom at θ O = 90
• . 16 For each θ Si , the total energy was minimized with respect to R O , R Si (see Fig. 1 ) and the positions of the other Si atoms. We The collapse from one manifold to the other indicated by the solid arrows in Fig. 3 (steep drops in Fig. 4 ) was intriguing enough to merit further investigation. The plots in Fig. 3 and Fig. 4 were constructed by picking θ O and θ Si and then letting both the O atom and the central Si atom move radially until the energy was minimized. It turns out that the two manifolds shown in Fig. 3 correspond to two fairly distinct regions of R Si values. We explored R Si values between these two regions and found that for each θ Si , the energy as a function of R Si has two minima with a barrier that prohibits the central Si atom's motion from one minimum to another, corresponding to a switch between the two energy manifolds.
At the critical θ Si value (solid arrow in Fig. 3 ), this barrier vanishes and the collapse occurs.
The evolution of this radial barrier is also quite intriguing and will be discussed further in a 
